Abstract Nuclear envelope-limited chromatin sheets (ELCS) form during excessive interphase nuclear envelope growth in a variety of cells. ELCS appear as extended sheets within the cytoplasm connecting distant nuclear lobes. Cross-section stained images of ELCS, viewed by transmission electron microscopy, resemble a sandwich of apposed nuclear envelopes separated by ∼30 nm, containing a layer of parallel chromatin fibers. In this study, the ultrastructure of ELCS was compared by three different methods: (1) aldehyde fixation/dehydration/plastic embedding/sectioning and staining, (2) high-pressure freezing/freeze substitution into plastic/ sectioning and staining, and (3) high-pressure freezing/cryosectioning/cryo-electron microscopy. ELCS could be clearly visualized by all three methods and, consequently, must exist in vivo and are not fixation artifacts. The ∼30-nm chromatin fibers could only be observed following aldehyde fixation; none were seen in cryo-sections. Electron microscopic tomography tangential views of aldehyde-fixed ELCS suggested an ordering of the separate chromatin fibers adjacent to the nuclear envelope. Possible mechanisms of this chromatin ordering are discussed.
Introduction
Nuclear envelope-limited chromatin sheets (ELCS) are extensions of the nuclear envelope (NE) which surrounds one or more ∼30-nm-thick chromatin sheets (Olins and Olins 2009) . Ultrastructural pathologists and cell biologists in the mid1960s independently discovered ELCS. Prominent among these early microscopists was Howard Davies, who extensively studied the ultrastructure of ELCS, suggested models for their organization, and proposed their name "envelope-limited sheets" (Davies and Haynes 1975) . Employing aldehyde fixatives and thin-section electron microscopy of chicken erythrocyte nuclei, Davies and coworkers (Davies et al. 1974; Everid et al. 1970 ) had earlier presented evidence that condensed chromatin adjacent to the NE is organized in layers composed of ∼17-nm-diameter "unit threads" with center-tocenter spacings of ∼28 nm, running parallel to the NE, being especially clear in tangential sections. With this background, Davies and Haynes interpreted the chromatin layer of ELCS as parallel unit threads sandwiched between the apposed NEs. These early observations preceded the electron microscopic discovery of nucleosomes Olins 1974, 2003; Woodcock et al. 1976) . Unit threads were subsequently interpreted to be chromatin super helices. In today's lexicon, unit threads would be defined as "30-nm" nucleosomal helices, structures whose organization and existence remain controversial (Fussner et al. 2011; Grigoryev and Woodcock 2012; Hansen 2012; Joti et al. 2012; Li and Reinberg 2011; Woodcock and Ghosh 2010) .
In 1998, we demonstrated that ELCS can be induced in high yield by the addition of retinoic acid (RA) to HL-60 cells, leading to a system for the analysis of biochemical changes in the NE of these granulocytic differentiating cells (Olins et al. 1998) . The rapidly differentiating HL-60/S4 subline achieves granulocytic differentiation in 4 days after addition of 1 μM RA, with the vast majority (∼80 %) of cells exhibiting nuclear lobulation and ELCS formation. The NE of RA-treated HL-60/S4 cells exhibit some major changes in protein composition, including a decrease in the content of lamins A/C and a significant increase in lamin B receptor (LBR) (Olins et al. 2001) . The current view is that the decrease of lamins A/C renders the NE more deformable, whereas the increase in LBR bonds peripheral chromatin to the NE and promotes NE membrane growth (Hoffmann et al. 2007; Olins et al. 2010b; Rowat et al. 2013 ). This increase in LBR is essential for the nuclear shape changes, as verified by a stable knockdown of LBR in HL-60/S4 cells, with the result that RA treatment of the mutant cells induces neither nuclear lobulation nor ELCS (Olins et al. 2010a) .
Cryo-electron microscopy of vitreous sections (CEMOVIS) has emerged as a method to view ultrastructure without chemical treatments and being maintained in a fully hydrated state that preserves molecular architecture closer to the in vivo state (Dubochet et al. 2007; McDowall et al. 1986 ). The images of interphase nuclei obtained using this method are quite different from those prepared by the conventional protocol of chemical fixation/dehydration/embedding in plastic/thin sectioning and staining (Bouchet-Marquis et al. 2006) . These authors employed high-pressure freezing/cryoultramicrotomy and cryo-electron microscopy (EM) of unstained specimens to study the structure of nuclear components. Cryo-electron microscopy imaging relies mainly on phase contrast, which in comparison to heavy metal-stained specimens yields images that possess a lower contrast. However, CEMOVIS images present a real density of biological molecules and are free from any staining artifacts. The NE membranes are very well preserved, and the lipid bilayers are easily discerned. Employing CEMOVIS, the underlying cond e n s e d c h r o m a t i n e x h i b i t e d a " h o m o g e n e o u s graininess…(with) dimensions in the 11 nm range" (Bouchet-Marquis et al. 2006) . There was no indication of 30-nm chromatin fibers in condensed chromatin. Subsequent cryo-EM studies of in situ mitotic chromosomes, combined with corrections for the contrast transfer function, also failed to detect 30-nm chromatin fibers (Eltsov et al. 2008; Nishino et al. 2012) , in agreement with earlier results (McDowall et al. 1986 ). The current conception, based initially upon cryo-EM of cryo-sections, is that the 30-nm chromatin fiber represents a rather particular form of the compact chromatin found in highly specialized terminally differentiated cell types, such as chicken erythrocytes, starfish spermatozoids (Scheffer et al. 2011; Woodcock 1994) , and rodent retina receptors (Kizilyaprak et al. 2010) , while the 30-nm chromatin fiber does not exist in the majority of tissues in vivo (Maeshima et al. 2010) . Companion studies employing small-angle X-ray scattering (SAXS) and electron spectroscopic imaging (ESI) also have not found evidence for 30-nm chromatin fibers in a variety of cell types (Fussner et al. 2011 (Fussner et al. , 2012 Joti et al. 2012; Nishino et al. 2012) . Instead, it is suggested that chromatin exists as strings of 10-nm nucleosomes in a disordered and interdigitated state, described as a "polymer melt" with dynamic properties. A recent study of the dynamic behavior of nucleosomes has provided further evidence for the "polymer melt" organization of compact chromatin ). These observations called for a reexamination of the structure of ELCS.
In the present study, we employed cryo-sectioning and cryo-electron microscopy to verify the existence and explore the organization of ELCS in retinoic acid-stimulated HL-60/ S4 cells. We demonstrate that, while the general morphology of the cryo-preserved ELCS is similar to previously reported images obtained by conventional electron microscopy, the thickness and structural aspects of the internal chromatin appear different. Based upon a comparison of the cryosection data from unfixed ELCS and electron microscope tomographic images of aldehyde-fixed ELCS, it is proposed that proximity to the nuclear membrane imposes order on the in vivo 10-nm chromatin fibers. We show that confinement of the chromatin fibers between apposed nuclear membranes promotes the formation of short parallel bundles of chromatin fibers during chemical fixation and embedding.
Materials and methods
HL-60/S4 cells were grown in RPMI 1640 medium that was supplemented with 10 % fetal calf serum, as previously described (Olins et al. 1998 ). Cells were collected by centrifugation at 100g for 5 min. For CEMOVIS, the cell pellet was gently resuspended in a low volume of the tissue culture supernatant medium and mixed with the same volume of 40 % dextran (40 kDa; Sigma-Aldrich) solubilized in the same medium to obtain a final concentration of 20 % dextran in the medium surrounding cells. The mixture was transferred into the 0.1-mm indentation of flat gold-plated copper carriers (Engineering Office M. Wohlwend GmbH, Sennwald, Switzerland) and vitrified with a HPM010 high-pressure freezer (Boeckeler Instruments, Tucson, USA). The carriers containing frozen cells were transferred to the cryo-chamber of a Leica EM FC6/UC6 ultramicrotome, and cryo-sections were cut at −140°C with a 35°diamond knife (Diatome, Biel, Switzerland). Fifty-nanometer cryo-sections were collected on C-flat grids (Protochips) with the help of a charging device (Haug). The grids were observed in Polara transmission electron microscopes (FEI, Eindhoven, the Netherlands). Vitreous sections with minimal cutting distortions were selected for image acquisition. Images of ELCS were recorded at 300 kV with a 2 k×2 k post-GIF charge-coupled-device camera (Gatan). The distance between inner nuclear membranes of ELCS was measured using a custom script written in MATLAB (The Mathworks). Corrections for compression due to cryo-ultramicrotomy are described in Online Resource 5.
Freeze substitution (FS) was performed without adding any cross-linking agents to avoid artificial chromatin rearrangement. The high-pressure frozen cells were freeze-substituted at −90°C for 48 h in absolute acetone in the presence of 0.5 % uranyl acetate using an AFS-2 equipped FPS unit (Leica Microsystems). After 48 h of substitution, the temperature was raised to −45°C (2°C/h). After incubation for an additional 16 h at −45°C, the samples were washed three times, infiltrated with Lowicryl HM 20 (10, 25, 50, and 75 %, 4 h each step). Then, three changes of 100 % Lowicryl (10 h each) were performed, followed by UV polymerization at −45°C for 48 h. Seventy-nanometer sections were cut with a Leica Ultracut E microtome and collected on Formvar-coated slot grids. The sections were contrasted with 2 % uranyl acetate in 70 % methanol, followed by Reynolds lead.
Conventional electron microscopy methods involving glutaraldehyde fixation, OsO 4 postfixation, dehydration, and embedding in plastic have been described earlier (Olins et al. 1998) . Dual-axis electron microscope tomography (Wang et al. 2009 ) was performed on a Tecnai F30 (FEI) operating at 300 kV. Images were collected on a Gatan Ultrascan 895 camera. The control software, SerialEM, has been previously described (Mastronarde 2005) . The tilt increment employed was 1°on both axes. 3D reconstruction and generation of the isosurface views of chromatin fibers were accomplished using IMOD software (Kremer et al. 1996) . The nominal x, y, z resolutions of tomograms were determined to be 1.94, 1.94, and 2.39 nm according to Crowther and Radermacher (Radermacher 1988) .
Results

ELCS visualized by chemical fixation and electron microscope tomography
HL-60/S4 cells were exposed to retinoic acid for 4 days to induce granulopoiesis and an abundance of NE membrane growth with the formation of lobulated nuclei and ELCS. Following glutaraldehyde fixation, OsO 4 postfixation, dehydration, and embedding in Epon, the sections were stained with uranyl and lead salts, as described previously (Olins et al. 1998) . Figure 1a presents a low-magnification view of a thin section of an HL-60/S4 granulocyte exhibiting the multilobed nucleus with numerous ELCS spanning between the lobes. Figure 1b shows higher-magnification electron microscope tomographic images (∼1.2 nm thick) derived from a ∼0.15-μm-thick section. Six of the images show an orthogonal view of ELCS, revealing putative cross sections of "30-nm" chromatin fibers with approximately regular side-by-side Fig. 1 Thin section transmission electron micrographs of plastic-embedded and stained retinoic acid-treated HL-60/S4 cells. a Low-magnification view of a single HL-60/S4 granulocytic cell with cross-section views of two large nuclear lobes and extensive ELCS. Scale bar 2 μm. b Cross-section views of ELCS (six panels) taken from tomographic reconstructions. Scale bar 200 nm. c Enlarged tomographic cross-section view of ELCS bridging between two nuclear lobes, accompanied (below) by a schematic representation of the same field. N nuclear lobe, C cytoplasm, ONM outer nuclear membrane, INM inner nuclear membrane. Ribosomes are represented associated with the cytoplasmic surface of the ONMs. Putative 30-nm chromatin fibers are represented spanning the space between the apposed INMs. Scale bar 30 nm spacings. A very similar image can be found in Fig. 10 of Davies and Haynes (1975) . Also shown in this group of cross sections are two examples of junctions between ELCS and adjacent nuclear lobes. Figure 1c presents, at higher magnification, a single ELCS region bridging two nuclear lobes, accompanied by a schematic representation of the chromatin fibers sandwiched between two apposed inner nuclear membranes (INM). From images such as these in goldfish granulocytes (Davies and Haynes 1975) , Davies' laboratory estimated the distance between the two apposed INM (38 nm), the chromatin fiber diameter (17.4 nm), and the fiber centerto-center distance (28 nm). In our preparations of HL-60/S4 ELCS, we made numerous measurements of the spacing between the apposed inner membranes, along a vector perpendicular to the chromatin sheet; see Fig. 2 Davies and Haynes (1975) .
Tangential grazing sections of ELCS chromatin demonstrating long and "continuous" 30-nm chromatin fibers have never been convincingly obtained by Howard Davies or by us, whereas such sections are available for the surface of chicken erythrocyte nuclei (Everid et al. 1970; . This is likely due to the high curvature of ELCS, compared to the more shallow curvature of the erythrocyte nuclear envelope. In an effort to examine the dimensions and continuity of chromatin fibers within ELCS, we analyzed tomographic reconstructions of chemically fixed ELCS in RA-treated HL-60/S4 cells (Figs. 1b, c and 3a and Online Resources 1 and 2).
Assigning threshold densities, we generated isosurface images of the chromatin fibers, permitting rotation of the image stacks to near tangential orientations (Fig. 3b-f and Online Resources 3 and 4). Studying these reoriented views revealed three interesting observations: (1) the chromatin fibers presented diameters primarily ∼10 nm, with occasional thicker fibers; (2) the fibers were frequently straight and appeared taut and locally parallel; and (3) the fibers frequently revealed an "X" or "V" crossing pattern (Fig. 3b-f) . A few of these patterns are indicated by tick marks in Fig. 3e , f; more can be seen by viewing Online Resources 3 and 4.
ELCS visualized by high-pressure freezing/freeze substitution
In an effort to determine whether the existence of ELCS is dependent upon aldehyde fixation, FS was employed on HL-60/S4 cells treated with retinoic acid. In this method, cells are rapidly frozen by cooling to the liquid nitrogen temperature under high pressure (up to 2,000bar) within 10 ms, preventing ice crystal formation. Subsequently, specimen water is removed at low temperature, replaced with organic solvents, followed by plastic embedding and sectioning. Figure 4 presents stained thin sections of ELCS after FS treatment. Clearly, the ELCS are preserved; the apposed inner nuclear membranes can be visualized with the chromatin layer in between. Measurements of the thickness of ELCS after FS are presented in Fig. 2 and Table 1. The mean value (33.5 nm) is very close to the mean value for chemically fixed ELCS. However, in our hands, ELCS observed in freeze-substituted cells show no compelling evidence for the existence of 30-nm fibers. A recent combination of FS with tomography of phosphorous localization (by electron spectroscopic imaging, ESI) enabled visualization of 10-nm fibers within mouse cell "closed" and "open" chromatin; 30-nm fibers appeared to be absent (Fussner et al. 2012 ). Fig. 2 Histogram of the fraction of measured ELCS with specified distances between apposed inner nuclear membranes, comparing three sample preparations. Y-axis fraction of total measurements in a single preparative procedure. X-axis distance (nm) between the apposed membranes. Preparative procedures: chem fix aldehyde fixation/dehydration/ plastic embedding/sectioning and staining; FS high-pressure freezing/ freeze substitution into plastic/sectioning and staining; CEMOVIS highpressure freezing/cryo-sectioning/cryo-electron microscopy This table displays the measurement statistics of the data shown in Fig. 2 , summarizing the total number of measurements (N) and the mean (nm) and standard deviations (σ) of the distances between the inner nuclear membranes, comparing three sample preparative procedures. Preparative procedures: "chem fix," aldehyde fixation/dehydration/plastic embedding/sectioning and staining; "FS," high-pressure freezing/freeze substitution into plastic/sectioning and staining; "CEMOVIS," high-pressure freezing/cryo-sectioning/cryo-electron microscopy a Extrapolated uncompressed distance; see Online Resource 5
FS CEMOVIS
ELCS visualized by cryo-sectioning and cryo-electron microscopy
Since freeze substitution involves removal of water and substitution into organic solvents prior to plastic embedding, CEMOVIS was employed to visualize ELCS in a state thought to be closer to the in vivo condition. Following high-pressure freezing, the cell pellet was cryo-sectioned and examined by cryo-electron microscopy. Figures 5 and 6 illustrate informative views of ELCS in vitreous ice. Panels a and b of Fig. 5 present examples of ELCS with cytoplasmic inclusions within a "pocket"; for the various forms of ELCS, see Olins and Olins (2009) . Within the cytoplasmic inclusions can be observed membranous structures and ribosomes. The NE membranes, especially the inner nuclear membrane bilayers, are well preserved and, with proper defocus, appear smooth and continuous. Chromatin, adjacent to the inner nuclear membrane or sandwiched between the apposed membranes, has a slightly increased granular density without any indication of "unit thread" (30 nm) chromatin fiber cross sections. Figure 5c presents additional short stretches of ELCS, which were included within the dataset for thickness (INM to INM) measurements (see below). The enclosed chromatin of these short stretches also displays a fine granularity without any obvious higher-order structure. Figure 6 presents a comparison of the results from two imaging techniques (i.e., chemically fixed, Fig. 6a ; CEMOVIS, Fig. 6b ), illustrating the junction between ELCS and a nuclear lobule. Although the contrast and quality of the chromatin clearly differ, comparing the two techniques, condensation of the chromatin adjacent to the inner nuclear membranes is readily apparent by both methods. Measurements of the distance between the apposed inner nuclear membranes of ELCS were obtained and are presented with the data from chemically fixed and from high-pressure freeze/freeze substitution samples ( Fig. 2 and Table 1 ). This comparison of measurements clearly demonstrates that the CEMOVIS samples have a larger mean (uncorrected for compression) spacing (49.3 nm) than observed with the chemically fixed or FS samples. However, the cutting of vitreous material is known to produce compression, which affects the dimensions of the object, depending on their orientation in relation to the cutting direction (Al-Amoudi et al. 2005; Richter et al. 1991) . In an attempt to compensate for the compression, we analyzed INM to INM distances as a function of their orientation (Online Resource 5). Our data suggest that the extrapolated uncompressed thickness corresponds to 57.4 nm. In summary, analysis of the vitrified ELCS, as a surrogate for the in vivo state, indicates that the thickness of ELCS (i.e., the spacing between apposed inner nuclear membranes), following the chemical fixation or FS procedures is ∼58 % of that observed with the CEMOVIS method. Furthermore, putative 30-nm chromatin fibers can only be seen following aldehyde fixation.
Discussion
The substructure of ELCS is a clear example of peripheral chromatin adjacent to (and presumably, interacting with) the inner nuclear membrane components of the NE (Davies and Haynes 1975; Olins and Olins 2009 ). The HL-60/S4 cell system is convenient for ultrastructural and biochemical analyses of ELCS, because the rapidly growing undifferentiated cells can be readily differentiated to granulocytic form by the addition of retinoic acid, leading to extensive ELCS formation within the lobulated nuclei of ∼80 % of the cells (Olins et al. 1998) . When ELCS are examined by transmission electron microscopy, following conventional aldehyde fixation, dehydration, embedding into plastic, sectioning, and staining, cross sections of putative 30-nm chromatin fibers can frequently be observed oriented in parallel array, sandwiched in between two apposed inner nuclear membranes (Davies and Haynes 1975; Olins et al. 1998; Olins and Olins 2009 ). In nucleated chicken erythrocytes, similarly fixed, sectioned, and stained preparations exhibit extensive parallel arrays of 30-nm fibers adjacent to the NE, especially well visualized in "grazing" sections (Davies et al. 1974; Everid et al. 1970; ). The perspective of Davies' laboratory was that the structure of chromatin within ELCS is essentially identical to that of the peripheral chromatin of the erythrocyte nucleus (Davies et al. 1974) . From a contemporary perspective, the putative 30-nm chromatin fibers of ELCS would be anticipated to resemble the long "continuous" folded 30-nm nucleosomal fibers of chicken erythrocyte nuclei. However, the present analysis of serial tomographic images of ELCS in HL-60/S4 cells does not support this structural interpretation. Instead, the putative 30-nm fibers of ELCS appear, especially in "tangential views" (Fig. 3) , to be more "discontinuous," alternating between ∼10-and ∼30-nm chromatin fibers. These tangential views also indicate that the fixed chromatin fibers are generally straight and often appear taut, as though "attached" to the adjacent INM. Furthermore, many of the fibers form parallel arrays that cross other fibers, creating an X or V pattern. CEMOVIS is widely acknowledged to preserve the hydrated state of cellular components and, because of the rapid freezing procedure, to exhibit minimum macromolecular structural changes (Dubochet et al. 1988; McDowall et al. 1986 ). Applying CEMOVIS to interphase nuclei and to mitotic chromosomes has surprisingly not supported the concept of 30-nm chromatin fibers in vivo (Bouchet-Marquis et al. 2006; Eltsov et al. 2008; Maeshima et al. 2010) . However, in isolated chicken erythrocyte nuclei, cryo-electron microscope tomography was employed to detect and determine the structural parameters of 30-nm chromatin fibers (Scheffer et al. 2011 ).
The present study compared ELCS ultrastructure by three transmission electron microscopy methods: conventional chemical fixation and embedding in plastic, high-pressure freezing/freeze substitution into plastic, and CEMOVIS. In the first two methods, cells were stained with metals to increase contrast; in the third method, cells were visualized without staining, by defocusing the objective lens to increase contrast.
Three major conclusions can be derived from the present study: (1) ELCS, defined as a sheet of chromatin sandwiched between two apposed inner nuclear membranes (Olins and Olins 2009) , are present in all three preparations and may be regarded as existing within the in vivo state. (2) Both the chemical fixation and FS techniques yielded ELCS with mean spacings between the apposed membranes ∼58 % of those observed with the CEMOVIS method. This apparent shrinkage compared to the (presumed) in vivo state cannot be ascribed solely to aldehyde fixation, since the FS procedure does not involve aldehyde fixation. Removal of water and replacement with organic solvents and plastic is employed in both of these procedures and appears to be a reasonable candidate for causing the shrinkage effect. (3) The putative 30-nm chromatin fibers within ELCS were only observed following chemical fixation and not at all with the FS or CEMOVIS methods. As mentioned above, the fiber thickness was variable (primarily ∼10 nm, with occasional thicker fibers). For most cells, interphase nuclei and mitotic chromosomes do not exhibit 30 nm chromatin fibers employing the CEMOVIS method (Bouchet-Marquis et al. 2006; Eltsov et al. 2008; Maeshima et al. 2010; Nishino et al. 2012 ). When it is preserved, as in the chicken erythrocyte nucleus (Scheffer et al. 2011; Woodcock 1994) , the interpretation is that these are especially stable structures due to unusual composition (for example, the presence of histone H5) and greatly reduced levels of transcription (Bergman et al. 1988) . Therefore, the CEMOVIS procedure does not destroy all 30-nm chromatin fibers. In addition, even though we were unable to observe 30-nm chromatin fibers within ELCS following FS, this procedure, combined with ESI phosphorus imaging and tomography, is capable of their detection (Fussner et al. 2012) .
A model for chromatin structures that do not exhibit 30-nm fibers following CEMOVIS has been developed (Eltsov et al. 2008) . It is suggested that the 10-nm nucleosomal fibers exist in a disordered and interdigitated state, comparable to a "polymer melt." Relevant to past and present knowledge of the structure of aldehyde-fixed ELCS (Davies and Haynes 1975; Olins and Olins 2009) , the fundamental question is as follows: How can one reconcile the concept of a polymer melt with two structural features of ELCS, highlighted in the present study? These features are the following: (1) the uniformity of ELCS thickness, spanning the distance between apposed INM, and (2) the X and V patterns of crisscrossing chromatin fibers, frequently seen in tangential views. Figure 7 presents two alternative schematic models illustrating how these features might arise during ELCS formation induced by growth of the INM. One model ("ordered melt") is based upon the assumption that the chromatin fibers adjacent to the nuclear envelope are organized into small paracrystalline arrays attached to the INM, exhibiting short stretches of fibers that appear parallel and taut. Folding of the INM would place one layer of nucleosomal fibers on top of another layer, generating a compound layer separating the apposed INMs ("confined ordered melt"). We consider it unlikely that the chromatin nucleosomes are flattened against the INM into a ∼10-nm fiber, since the resultant compound layer would be considerably thinner than our measured INM to INM distances. Considering the evidence that isolated nucleosomal fibers can form 3D zigzag Fig. 7 Modeling chromatin fiber folding during ELCS formation. Schemes demonstrating how nuclear envelope-associated ∼10-nm chromatin ("ordered melt" or "disordered melt") might generate apparent ∼30-nm fibers in aldehyde-fixed, dehydrated, embedded, and sectioned ELCS, as visualized by conventional electron microscopy structures with ∼30-nm diameter (Bednar et al. 1998) , we speculate that two such fibers might generate a compound layer of ∼60-nm thickness, in close agreement with our cryo-EM measurements after compression correction (57.4 nm). The X and V patterns of chromatin fibers could arise from the INM folding process, specifically the direction of the folding relative to the direction of the parallel chromatin fibers. Alternatively, the X and V pattern of chromatin fibers might arise from macromolecular crowding effects. Tilting one layer of parallel chromatin fibers with respect to another might represent a thermodynamically favorable solution, similar to cholesteric liquid crystals. The second model ("disordered melt") assumes that confinement of the nucleosomal fibers does not, by itself, induce parallel fiber organization and formation of 30-nm fibers ("confined disordered melt"). Conceivably, during the aldehyde fixation, the nuclear ionic environment (e.g., divalent cations and polyamines) is changing simultaneously with the chemical cross-linking, augmenting the rearrangement and compaction (Visvanathan et al. 2013 ). Again, macromolecular crowding might play a role. Subsequent dehydration and plastic resin embedding could further compact chromatin fibers.
It is of interest to consider what non-chromatin factors might establish in in vivo regions of a chromatin "ordered melt." The schematic models of ELCS represented in Fig. 7 make no mention of macromolecules present within the apposed inner nuclear membranes nor are the lamins shown. A more complete view of the complexity of the NE can be obtained from recent reviews (Chow et al. 2012; Dauer and Worman 2009; Hetzer 2010; Wilson and Berk 2010) . It appears very likely that the composition of the NE in the nuclear lobes adjacent to ELCS is reflected within the ELCS membranes (Olins and Olins 2009 ). Of particular interest are the possible roles of lamin B receptor (LBR) and of lamin A/C. During RA-induced granulocytic differentiation and the formation of ELCS in HL-60/S4 cells, the amount of LBR within the inner nuclear membrane goes up and the amount of lamin A/C within the lamina decreases (Olins et al. 1998 (Olins et al. , 2001 ). Indeed, a stable knockdown of LBR expression yields RAinduced granulocytic forms of HL-60/S4 that are devoid of nuclear lobulation and ELCS (Olins et al. 2010a ). The mechanism whereby LBR produces ELCS is currently unknown. It is not clear whether the mechanism has a structural basis (a consequence of the fact that LBR is embedded within the inner nuclear membrane via transmembrane segments and interacts with lamins and chromatin via the N-terminus of LBR) or derived from metabolic properties (a consequence of LBR being an essential enzyme in cholesterol biosynthesis) or a combination of both mechanisms (Hirano et al. 2012; Liokatis et al. 2012; Olins et al. 2010b; Solovei et al. 2013; Subramanian et al. 2012) . It is tempting to speculate that a region of chromatin "ordered melt" adjacent to the NE might reflect ordering of inner nuclear membrane proteins, such as LBR. On the other hand, the transition from "disordered" to "ordered" chromatin could be entropy driven. Locally aligned chromatin fibers may represent a more thermodynamically favorable solution for the confined space within ELCS than a strongly entangled melt. This hypothetical mechanism is supported by studies on inorganic polymers, which demonstrate ordering upon confinement into extremely thin layers (Wang et al. 2009 ).
The interaction between the NE and the adjacent surface of chromatin (denoted "epichromatin"; see Olins et al. 2011) appears to be stabilized by non-covalent interactions, possibly involving phosphatidylserine (Prudovsky et al. 2012) . Epichromatin can be "pulled away" from an intact NE, merely by exposing the live cells to hyperosmotic media, without subsequent detriment to the cells (if the time is kept short). These experiments argue strongly that the NE-epichromatin interaction within live interphase cells is capable of changing rapidly in response to variations in NE proteins and/or the nuclear chemical environment (e.g., polyamines and divalent cations) Visvanathan et al. 2013 ). This in vivo dynamics of the peripheral epichromatin region may be important in facilitating postmitotic NE reformation (Olins et al. 2011; Prudovsky et al. 2012; Schooley et al. 2012) .
